A flow pattern based general correlation for heat transfer during condensation inside horizontal plain tubes is presented. It is compared to a data base that contains 89 data sets from 39 studies. It includes 25 fluids (water, carbon dioxide, DME, halocarbon refrigerants, and hydrocarbon refrigerants), tube diameters from 2 to 49 mm, reduced pressures from 0.0023 to 0.95, flow rates from 13 to 820 kg/m 2 s, and all liquid Reynolds numbers from 1012 to 84827. The 1568 data points are predicted with a mean absolute deviation of 16.7 %, with flow patterns determined with well-known flow pattern maps. The same data base is also compared to the author's published correlation which is purely empirical as well as several other general correlations. The present correlation performs significantly better than other correlations though the author's published correlation has slightly lower mean deviation. The results of data analyses are discussed and presented in graphical and tabular forms.
INTRODUCTION
Prediction of heat transfer during condensation of vapours flowing inside plain tubes is of great importance as many heat exchangers involve this mode of heat transfer, for example condensers for air conditioning and refrigeration systems. To ensure optimum design, accurate correlations for prediction of heat transfer are needed. Many correlations, theoretical and empirical, have been published for heat transfer during condensation inside plain tubes. One of the most widely used has been the author's correlation [1] . That correlation is limited to higher flow rates where heat flux has no effect. Shah [2] modified it to extend it to low flow rates and pressures close to the critical. This correlation has three heat transfer regimes. The boundary between Regime II and III for horizontal tubes for this correlation was not given in [2] ; it was provided in Shah [3] . This correlation was shown to agree with an extremely wide range of data for horizontal and vertical tubes. It has three heat transfer regimes which are entirely empirical. As noted by many researchers, for example Liebenberg and Meyer [4] , correlations that take into consideration flow patterns are preferable. One benefit of having the correlation in terms of flow patterns is that it opens the possibility of considering its application to channels of other geometries such as rectangular and triangular by using flow pattern maps for those geometries. In the present paper, the heat transfer regimes for horizontal round tubes in this correlation have been replaced by flow pattern regimes so as to give it a physical basis. Thus a flow pattern based general correlation is presented for horizontal tubes. It is shown to give good agreement with a very wide range of test data from 89 data sets from 39 independent studies. The entire data base is also compared with the Shah [2, 3] correlation as well as a number of other well-known correlations.
In the following, the development of the correlation is described and its validation with a very wide range of test data is presented. The results of comparison with several other general correlations are also presented.
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THE PUBLISHED SHAH CORRELATION
The flow pattern based correlation presented here is a modification of the published Shah correlation [2, 3] . Hence the published correlation is first given. This correlation has three heat transfer regimes. The boundaries of these regimes are different for horizontal and vertical tubes. The heat transfer equations are the same for all orientations. This paper is concerned only with horizontal tubes.
Heat Transfer Equations
The correlation uses the following two heat transfer equations:
Eq. (1) is the same as that in the Shah [1] correlation except that it did not have the viscosity ratio factor. Eq. (2) is the Nusselt equation for laminar film condensation in vertical tubes; the constant has been increased by 20% as recommended by McAdams [5] on the basis of comparison with test data. This equation can also be expressed in terms of heat flux or temperature difference instead of Reynolds number. This form has been preferred as it is more convenient for this correlation and often it is also more convenient for design calculations. These equations are used according to the heat transfer regime as below:
In Regime I, Z is the correlating parameter introduced by Shah [1] defined as:
Heat Transfer Regimes for Horizontal Tubes
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The boundaries between were determined by data analysis described in Shah [2, 3] . Regime I occurs when:
Regime III occurs when:
If neither of the above conditions are satisfied, it is Regime II. J g is the dimensionless vapor velocity defined as:
DEVELOPMENT OF THE FLOW PATTERN BASED CORRELATION
A number of flow pattern maps/correlations have been proposed specifically for condensation inside horizontal tubes, for example those by Breber et al. [6] , Tandon et al. [7] , and El Hajal et al. [8] . The El Hajal et al. map has been validated by using it in comparing the flow pattern based heat transfer correlation of Thome et al. [9] with a condensation heat transfer database that included many refrigerants and hydrocarbons over a very wide range of parameters. It was therefore the first choice. This correlation has five flow patterns, namely stratified, stratified wavy, intermittent, annular, and mist. Flow patterns predicted by this correlation were compared with the heat transfer regimes predicted by the Shah correlation as well as the deviations of the heat transfer coefficients predicted by it. For fluids other than water, it was found that for the vast majority of data:
 Heat transfer Regime I corresponded to the intermittent, annular, and mist flow patterns.  Heat transfer Regime II corresponded to stratified-wavy flow pattern.  Heat transfer Regime III corresponded to stratified flow pattern.
For the data of Varma [10] for water, the El Hajal et al. map predicted stratified flow pattern which according to the results with the other fluids will place it in Regime III and thus Eq. (5) should apply. However, the data showed agreement with Eq. (4) which corresponds to Regime II for which the data for other fluids indicate the stratified-wavy flow pattern. The El Hajal et al. map had not been compared to water data. Further, its recommended range of tube diameter is < 21.4 mm while the Varma data are for D = 49 mm, and the minimum recommended reduced pressure is 0.02 while the Varma data are at a reduced pressure of 0.0023. In view of these limitations, it was felt that the El Hajal map's predictions may be incorrect for these data. The Baker [11] map is known to work well with air-water mixtures near atmospheric pressures as well as with many other gasliquid mixtures and it was based on data for pipes of diameters from 25 to 100 mm. While it was based on adiabatic data, it has also been known to work fairly well for non-adiabatic situations. For example, Shah [12] found it to be in fair agreement with his visual observation on an ammonia evaporator with 25.4 mm diameter tube. It was therefore felt that it may be applicable to the Varma data. The Baker map predicted stratified-wavy flow pattern and use of Eq. (4) resulted in excellent agreement with the Varma data as seen in Fig. 1 .
The Breber et al. map was verified with data that included water but this map does not distinguish between stratified and stratified-wavy regimes and hence is not useful for the present correlation. The Tandon et al. [7] map was verified only with refrigerant data. A possible choice for water at higher pressures may be the map of Taitel and Dukler [13] as it was derived analytically. However, that analytical derivation was for adiabatic condition. 
NEW FLOW PATTERN BASED CORRELATION
Based on the results of the above described data analysis, the following flow pattern based correlation is proposed:
If flow pattern is intermittent, annular, or mist:
If flow pattern is stratified-wavy:
If flow pattern is stratified:
To determine flow patterns, it is recommended to use the Baker map for low pressure water and the El Hajal et al. map for other fluids. Applicability of other flow pattern maps is unknown.
COMPARISON WITH TEST DATA
Data Search and Collection
A wide ranging database was available from the author's earlier researches, Shah [2, 3] . Recent literature was searched to obtain data for wider range of parameters and for fluids not included in that database. This resulted in procurement of data for butane, R-236ea, R-1234yf, and R-1234ze. The new database thus contains 25 fluids. The complete range of data analyzed is listed in Tables 1 and 2 . Data for different fluids or of different diameters were considered separate data sets even if they are from the same source. For refrigerants, only oil-free data was considered as oil can have profound effect on heat transfer. Further, data for mixtures with glide more than 1 degree C were not included as heat transfer of mixtures with large glide is reduced due to mass transfer effects. Data for tubes of diameters smaller than 2 mm were excluded from consideration as these are generally regarded as mini/micro channels and their heat transfer behavior is considered to be different from that of larger tubes.
Correlations Tested
To put the performance of the new correlation into perspective, it is desirable that other leading correlations be also tested along with it. Only a few correlations are available which have been verified with data covering the entire range from very low flow rates to very high flow rates. Perhaps the most verified among these is that of Cavallini et al. [14] . This correlation has two heat transfer regimes called the heat flux independent and the heat flux dependent regimes and there are different formulas for the two regimes. To analyze the data in the heat flux dependent regime with this correlation, heat flux must be known. Most of the data sets analyzed do not report heat flux. Hence only the data in their heat flux independent regime can be compared to the Cavallini et al. correlation. Similar is the situation with the other correlations which have been demonstrated applicable to extreme range of data such as that of Dobson and Chato [15] and Thome et al. [9] .
Many other correlations have been proposed which have had considerable verification and their authors have not given any limits for their applicability. Among such correlations are those Akers et al. [16] , Ananiev et al. [17] , and Moser et al. [18] . These correlations and the correlation of Shah [2, 3] and the new flow pattern based correlation were compared to the entire database.
Calculation Method
The entire database was compared to all correlations except the Cavallini et al. correlation which was compared only to those data which were in its heat flux independent regime. A run was also made in which all correlations were compared only with those data which were in heat flux independent regime of Cavallini et al. Flow patterns were determined using the Baker map for water and the El Hajal et al. map for all other fluids. Fluid properties were calculated with REFPROP 9.1 [19] . Single phase heat transfer coefficient for the present and Shah correlations was calculated by Eq. (6) for all data except those of Son & Lee [20] for which the following equation was used:
The reason is that these authors' single-phase measurements were higher than Eq. (6) and they fitted Eq. (14) to their data.
The results of calculations are given in Tables 2 and 3 .
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Average deviation is defined as:
DISCUSSION OF RESULTS
Detailed results of data analysis for the present correlation and the Shah [3] correlation are listed in Table 2 . The present correlation has a mean absolute deviation of 16.7 % while the Shah correlation has a mean absolute deviation of 16.1 %. Of the 89 data sets analyzed, 21 show better agreement with the present correlation while 25 show better agreement with the Shah correlation, the mean deviations of the remaining 43 being unchanged. If more data sets are analyzed, the balance may well change. Thus the accuracy of the present flow pattern based correlation is perhaps a little less than that of the Shah correlation which uses heat transfer regimes without any physical meaning. This small loss of accuracy may be acceptable in exchange for the physical clarity. As seen in Table 2 , agreement of the present correlation with near azeotropic mixtures R-410A and R-404A is good. Heat transfer of fluids with large glides is considerably diminished due to effects of sensible heat transfer and mass transfer as the mixture composition and the temperature of components changes along the tube. Shah et al. [21] analyzed an extensive database of mixtures with glides upto 35 O C. They found that the Shah [2] correlation gave good agreement when used with the correction factors given by Bell and Ghaly [22] and McNaught [23] . Good agreement is also expected with the present correlation in the same way as the El Hajal et al. map was also verified with data for mixtures.
Data for tubes with diameters smaller than 2 mm were not included in the present data analysis. Shah [24] had compared a large database for mini-channels with his correlation [2] and found that many of those data sets were in good agreement while others showed large deviations. That correlation does not consider flow patterns. It will be interesting to compare those data with the present correlation using flow pattern maps applicable to minichannels. It will also be interesting to compare this correlation to data for non-circular channels using flow pattern maps applicable to them.
In evaluating the results of this data analysis, knowing the accuracy of the test data could be helpful in understanding the deviations from the correlation. Most authors have given only the accuracy of the test instruments used and it is always 2 % or better. A few have done the error propagation analysis to determine the uncertainty in heat transfer coefficients; the reported uncertainties are in the range of 2.3 to 9.5 percent except that Lambrecht et al. [40] estimate it as upto 14.7 %; their data show mean deviation of 31 % which suggests that it may be due to data inaccuracy. Some researchers tested several fluids on the same test rig, for example Park et al. [43] . The deviations of their data for two fluids are low but are high for propylene. Data of Lee et al. [45] for propylene at comparable conditions show good agreement. Thus researchers' own estimates of uncertainty of data are not always helpful. Using data from many sources is probably the best way to identify doubtful data.
The correlation is recommended in the verified range of p r . Therefore for water it is recommended only at p r near 0.002 as the data analyzed are only at this pressure and because properties of water differ significantly from other fluids. For other fluids, the verified range of p r is 0.02 to 0.95. Further, it is recommended only in the verified range of Re LT (1,012 to 84,827) and Re GT (15, 892 to 599,510). 2. A number of other general correlations were also compared to the same data base. The accuracy of the new flow pattern based is slightly lower than that of the Shah [3] correlation but it is more clearly related to the physical phenomena involved. Its accuracy compares favorably with other correlations.
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13 3 . For water, there were only a few data points at low pressure and all from one source. While use of the Baker map resulted in good agreement with data, analysis of water data at higher pressures and more varied conditions is needed. Table 2 , the present correlation is recommended for pure fluids other than water in the following range: p r = 0.02 to 0.095, Re LT = 1,012 to 84,827 , Re GT = 15,800 to 599,510 . For water, application should be further restricted to p r near 0.002 till verification with higher and lower pressure data is done.
Based on the results of data analysis in
5. The present correlation is likely to be applicable to mixtures when used with the correction factors of Bell and Ghaly [22] and McNaught [23] . Reduced pressure (-) Re GT 
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